ABSTRACT
INTRODUCTION

44
In human walking, a fine coordination between the two legs is required, in particular when an unexpected 45 change in the over ground surface or the encountering of an obstacle threaten our balance. The topology of 46 the networks involved in this coordination are not yet completely known, however studies involving 47 locomotion on a split belt treadmill suggest a coupling of the neuronal circuits controlling each leg (Reisman 48 et al., 2005) and the involvement in this connection of spinocerebellar pathways (Reisman et al., 2007) . 49
In animals, direct commissural interneurons connecting opposing limbs have been identified within the 50 spinal cord (Jankowska & Noga, 1990; Edgley et al., 2003; Jankowska, 2008) . Recent evidence suggests that 51 similar interneurons may exist in healthy humans. For example, a short-latency inhibition of the contralateral 52 soleus muscle (cSOL) has been quantified following ipsilateral tibial nerve stimulation (iTN) (Stubbs & 53 Mrachacz-Kersting, 2009; Stubbs et al., 2011b Stubbs et al., , 2011a . This response showed a phase dependent modulation 54 during locomotion, with the most prominent inhibition occurring before and during the swing to stance 55 transition of the stimulated leg (Stubbs et al., 2011b) . 56
Evidence of phase-dependent reflex modulation in the ipsilateral limb has been provided both for cats 57 (Forssberg et al., 1975; Duysens & Pearson, 1976 ) and humans (Duysens et al., 1990; Yang & Stein, 1990 ; 58
Sinkjaer et al., 1996; Zehr et al., 1997; Andersen & Sinkjaer, 1999; Baken et al., 2005) . In its most extreme 59 form, this modulation exhibits responses with opposite signs and is termed "phase-dependent reflex reversal" 60 when it occurs with the same latency for an identical stimulus (Duysens et al., 1992 (Duysens et al., , 2004 De Serres et al., 61 1995) . A functional implication has been hypothesized for this phenomenon (Yang & Stein, 1990 ; 62
Marchand-Pauvert & Nielsen, 2002). 63
Even though it is known to exist for ipsilateral reflexes, in the contralateral limb a reflex reversal has been 64 observed only in animal studies (Magnus, 1909 (Magnus, , 1910 Grillner & Rossignol, 1978; Rossignol & Gauthier, 65 1980; . In chronic spinal dogs, the contralateral response to a knee tap is an extension or 66 a flexion depending on whether the contralateral limb was initially flexed or extended (Magnus, 1909 (Magnus, , 1910 . 67
Similarly, spinal cats treated with clonidine showed a reversal from crossed flexion to crossed extension 68 when the position of the contralateral hind limb was altered (Grillner & Rossignol, 1978; Rossignol & 69 Experiment 2. Five subjects (2 males and 3 women, mean age 29 ± 3 (SD)) took part in this experiment. The 164 SuN and MpN are primarily cutaneous nerves that adjoin to the TN. These two nerves were stimulated to 165 investigate the contribution of cutaneous afferents to the short-latency crossed response. Subjects started 166 randomly with the SuN or with the MpN stimulation. Surface stimulating electrodes PALs Platinum round 167 electrodes (Model No. 879100, 3.2 cm diam., Axelgaard Man) were placed on the subjects while standing. 168
For MpN stimulation, the electrodes were located posterior and inferior to the medial malleolus. For SuN 169 stimulation, they were located between the lateral malleolus and calcaneal tendon, posterior and inferior to 170 the lateral malleolus. To determine the optimal location of the electrodes, a train of 3 pulses, 1ms duration 171 for each pulse with an inter-pulse interval of 3 ms, were delivered at an intensity above the subject's 172 perception threshold (PT) (between 2 and 5 mA), that allowed the subjects to perceive an irradiating 173 sensation. Subjects were then asked to describe the sensation. The expected sensation for MpN stimulation 174 was a spreading on the plantar side of the foot to the first and second metatarsal. For the SuN the expected 175 sensation was a spreading on the lateral side of the foot toward the fifth metatarsal. The location of the 176 electrodes was moved until the subject described the desired sensation. The subjects were then asked to 177 report when they were feeling the stimulation while the stimulation intensity was increased from 0 with 0,5 178 mA increments to find the PT. Increments of 0,1 mA were then used to find the exact PT. When, increasing 179 and decreasing the intensity, if the subject reported the same threshold three times, the PT was identified. In 180 case the reported threshold while increasing the stimulation intensity was higher than the reported threshold 181 while decreasing the intensity, the highest threshold was taken. The recording session was then started and 182 the subject was asked to walk on the treadmill (either normal or hybrid walking). Once the mean gait cycle 183 duration was found (see General experimental protocol) three consecutive stimuli, 1 ms duration, at an 184 interval of 3 ms (Nielsen et al., 1997) , were applied randomly at the defined stimulation time (see General 185 experimental protocol) every 3 to 5 steps at an intensity of 1x, 2x, and 3x PT. Non stimulated gait cycles 186
were also recorded randomly in order to create a control condition. A total of 30 gait cycles per stimulation 187 intensity and for the control "no stimulation" condition were collected for the normal walking. During hybrid 188 walking a total of 40 gait cycles per stimulation intensity and for the control "no stimulation" condition for 189 the hybrid walking were recorded. 190 Data analysis. All data were processed off line. Data were first inspected using the acquisition software Mr. conditions the reproducibility of the M-wave in the iSOL sEMG signal was tested using a paired sample t-216 test. The M-wave peak-to-peak value was computed from the non-rectified averaged signal in a time window 217 from 5 to 25 ms after the stimulation, normalized to the M-max recorded during the respective walking task 218 and compared between normal and hybrid walking conditions. 219
To ensure that the muscle activation during the control steps was reliable, a paired sample t-test was 220 performed between RMS values of the control signal during normal and hybrid walking at the time in which 221 the stimulation was delivered. In the former a time window of 20 ms (centered on the stimulation onset) was 222 used. In the latter the RMS was computed in the same time window used for quantifying the response. 
RESULTS
235
On average, the subjects selected a preferred walking speed of 3.3 (mean) ± 0.3 (SD) km/h. The selected 236 speeds ranged within limits that ensured a comparison between subjects. As in previous studies (Choi & 237 Bastian, 2007) , the subjects were able to produce a walking pattern in both legs during hybrid walking. All 238 subjects reported being familiar with the hybrid walking task, after being exposed to that task prior to the 239 recording session. 240
Responses in the cSOL and cGL during normal forward walking Significant facilitation in the cGL (P = 0.01) was observed in 12 out of 14 subjects following iTN 250 stimulation. Some of these subjects (n = 4) had more prominent responses when stimulation occurred at 80% 251 of the gait cycle while the others (n = 8) had greater responses when the stimulation was delivered at 90% of 252 the gait cycle, likely due to different walking patterns between subjects. Only the condition in which subjects 253 showed the biggest response was used for further analysis. 254
The responses showed an average magnitude of 138.1 (mean) ± 24.5 (SD) as a percentage of the control 255 signal, with onset and peak occurring at 69.6 (mean) ± 9.3 (SD) ms and 81.1 (mean) ± 6.6 (SD) ms 256 respectively after the stimulation. In two cases the response appeared within the selected time window (68 to 257 88 ms after the stimulation) however later larger facilitation was seen which appeared to mask the first peak 258 and which was out of the time window. In these two cases the magnitude of the response was computed from 259 78 to 98 ms after the stimulation, including only part of the response. When computing the mean peak 260 occurrence, however, the time of actual peak was used. 261
Comparison between normal and hybrid walking 262
Of 12 subjects that showed a facilitation during normal walking, 11 revealed a reduction in the cGL sEMG 263 when performing hybrid walking. The response was significantly different (P = 0.009) from the control 264 signal (magnitude = 84.0 (mean) ± 13.9 (SD) % of control). In addition, when comparing the same time For cSOL, 10 subjects out of 14 showed a significant increase (P =0.02) in the response during hybrid 272 walking compared to the one observed during the normal forward walking task. However, in the hybrid 273 walking task, the response was not different from the control condition (P = 0.73). Differences in magnitudes 274 of responses (mean ± SD) during normal and hybrid walking for cSOL are shown in figure 4 .B where the no 275 response situation is indicated in the figure with a horizontal dotted line. 276
The M-wave peak to peak amplitude normalized to the respective M-max was similar between the normal 277 and hybrid conditions (P = 0.127), indicating that the same stimulation intensity was applied to the nerve 278 regardless of the position of the knee joint. Similarly, the background activation of the cSOL and cGL, did 279 not significantly differ between normal and hybrid walking at the time of the stimulation (P = 0.206; P = 280 0.378). There was no correlation between the magnitude of the responses and the background activity. The MpN and SuN were stimulated in five subjects and the effects on the cSOL and cGL quantified. 285
However, one subject did not show a facilitation in cGL and thus a time window for the analysis could not be 286 defined. As a consequence data from five subjects were used for the cSOL's analysis while for cGL, data 287 from four subjects were used. post hoc test showed a significant difference in the responses after iTN stimulation compared to the SuN and 296
MpN stimulation (P < 0.01) indicating an unlikely contribution of the cutaneous afferents to the observed 297 response during normal walking. 298
Significant differences in the magnitude of the responses in the cSOL after iTN stimulation were found when 299 compared to those responses elicited by iSuN at 2 × PT (Fisher LSD test, P < 0.01) and iSuN at 3 × PT 300 (Fisher LSD test, P < 0.05) but not with iSuN at 1 × PT (Fisher LSD test, P =0.09). For the iMpN, the TN 301 stimulation differed significantly from iMpN at 1 × PT (Fisher LSD test, P < 0.01) and iMpN at 2 × PT 302 (Fisher LSD test, P < 0.05) but not from iMpN at 3 × PT (Fisher LSD test, P =0.141). No differences were 303 observed between the responses elicited by iSuN and iMpN stimulation (Fisher LSD test, P = 0.808). 304
The cGL also had different responses during normal walking depending on the stimulated nerve (1-way-305
Anova test, P < 0.01, F (2,33) = 16.163). Fisher LSD post hoc tests revealed a significant difference between 306 the responses evoked by iTN and iSuN or iMpN stimulation (P < 0.01) suggesting, as for the response in the 307 cSOL, that cutaneous affenrents are unlikely to contribute to the cGL response during normal walking. A 308 significant difference was also revealed between responses provoked by iSuN and iMpN stimulation (Fisher 309 differences were found between iTN and iSuN at all the stimulation intensities (Fisher LSD test, P < 0.01) 311 and with iMpN stimulation at 1 × PT and 2 × PT (Fisher LSD post hoc test, P < 0.01) but not with iMpN at 3 312 × PT (Fisher LSD test, P =0.346). 313
During hybrid walking, no significant difference in cSOL and cGL responses were found between TN, SuN 314 or MpN stimuli (1-way-Anova test, P = 0.387, F = 0.973, df = 2 for cSOL and P =0.867, F=0.143, df = 2 for 315 cGL), suggesting that, during this walking task, cutaneous fibers may have a role in the mediation of the 316 response. 317 318 DISCUSSION 319
The current study further suggests the functional significance of the short-latency crossed responses in the 320 SOL muscle. Indeed, early crossed facilitations are also elicited in the cGL at the end of the swing phase, 321
Short-latency crossed responses in cGL 330
In the current study, a facilitation of the cGL occurred 69.6 ± 9.3 ms following iTN stimulation. These 331 latencies accord with previous studies in which crossed responses with latencies ranging from 65 to 112 ms 332 after ipsilateral nerve stimulation or mechanical perturbation have been shown in the contralateral 333 gastrocnemius during walking (Berger et al., 1984; Dietz et al., 1986 Dietz et al., , 1989 Duysens et al., 1991) . 334
The facilitation in the cGL occurred around 30 ms after the suppression of the cSOL. Different behavior of 335 SOL and gastrocnemius muscles has previously been observed in intact walking cats, where stimulation of 336 the GM elicited facilitation in the cGM with a latency of 20 ms during the stance phase, but failed to elicit 337 responses in the cSOL . This different behavior has also been shown in human 338 walking by Duysens et al. (1991) , where a separate control of SOL and gastrocnemius medialis (GM) was 339
proposed. Stimulation of cutaneous afferents during the contralateral early stance phase when both cGM and 340 cSOL are active produced a facilitatory response in the cSOL but a suppression in the cGL (Duysens et al,  341 1991). However, the responses were observed in a time window of 100 to 120 ms after the stimulation, 342
substantially later compared to the responses described in the current study, and might thus be mediated by 343 different pathways. Nevertheless, both studies confirm the hypothesis of a separate control for SOL and 344 gastrocnemius muscles. Even if SOL, GL and GM all act on the ankle joint, these muscles differ in terms of 345 anatomy, action and motor units' property (Nardone et al., 1990) . For instance, the SOL is monoarticular and 346 purely plantarflexor, while the gastrocnemius muscles are biarticular and contribute to knee flexion (Gravel 347 et al., 1987) . Hence, in the current study, the inhibition of cSOL and the subsequent facilitation of cGL at the 348 end of the ipsilateral swing phase, could have the function of increasing the degree of mechanical coupling 349 of ankle and knee joints, reinforcing the stability of the limb in a "critical" situation such as walking 350 (Nichols, 1989) . 351
The difference in latencies between cSOL and cGL responses is again in accordance with previous studies 352 where iTN and iSuN stimulation during stance produced earlier responses in the cSOL than cGM (Duysens 353 et al., 1991) . It is possible that the different onsets are due to different pathways; this will be further 354 discussed in the following sections. 355
Reflex reversal and functional significance 356
The current study compared crossed responses in the SOL and GL during normal walking at 80-90% of the 357 gait cycle to the responses elicited during hybrid walking at 40-50% of the gait cycle. The latter timings were 358 chosen since the instability of this phase (ipsilateral leg in push off and contralateral leg in touch down) 359 would require appropriate interlimb coordination in order to react rapidly to a disturbance of balance. As 360 previously mentioned, a different number of gait cycles was recorded during the two tasks, to take into 361 account the larger step variability induced by hybrid walking. However, when repeating the analysis using 362 the same number of gait cycles for both tasks, the same results were obtained. For this reason, results using 363 all the available gait cycles are shown. 364
Most of the subjects (n = 10) showed an increase in the cSOL response during hybrid walking compared to 365 the normal walking task. This increase was significantly different between the two tasks, but the response, 366 during the hybrid walking task did not differ from the control, indicating that a reduction, but not a reversal, 367 of the response occurred. On the contrary, all subjects except one showed a significant reversal in the cGL 368 from facilitation during normal walking to inhibition during hybrid walking. This behavior provides the first 369 evidence for reflex reversal in the contralateral limb in humans and, in addition, confirms the task 370 dependence of short latency crossed responses. While during normal walking the inhibition of cSOL and the 371 facilitation of the knee flexor cGL might prevent the push off of the contralateral foot, maintain the body 372 weight on the contralateral leg and reinforce the stability of the ankle and knee joints, during hybrid walking, 373 a crossed inhibition in the gastrocnemii when occurring after a facilitation in the cSOL, could have the 374 function of preventing the knee flexion from contaminating the induced reduction in ankle dorsiflexion in the 375 contralateral leg (Duysens et al., 1991) . In addition unlike during normal walking, at the time the stimulation 376 was delivered during hybrid walking the contralateral leg was not yet completely on the ground (see figure  377 1.B) and it might not be prepared to support the possible body weight shift provoked by the ipsilateral 378 perturbation. The observed cGL inhibition may, in this case, be directed to resolve the functional need of 379 preparing the contralateral leg to support the body weight, accelerating the knee extension and thus forcing 380 the heel to the ground. The facilitation we expected in the cSOL that may function to aid in stiffening the 381 ankle joint was not seen. This may be due to the fact that during hybrid walking the toes touch the ground 382 first and the heel is lowered only in the mid-stance phase. In this sense the stiffening of the ankle joint may 383 be controlled by other mechanisms. However there is an alternative possibility, as the cSOL inhibition during 384 normal walking is relatively smaller than the facilitation in the cGL, it is possible that changes in the 385 response were masked by the variability of the walking pattern induced during the hybrid walking. Stubbs et 386
al. (2011) observed that not all the participants displayed short latency inhibitory responses in the cSOL and 387
further, that the percentage of the gait cycle in which the inhibition commenced varied between subjects. 388 This is unlike the response in the cGL which always appeared at 80% of the gait cycle in the current study. provoked by iTN, iSuN and iMpN. Experiments on the cat have however shown that after cutaneous nerve 420 transection, the kinematics can be completely recovered for normal walking but not for tasks such as walking 421 on a ladder or inclines (Bouyer & Rossignol, 2003) . This evidence supports the conclusion that, although 422 cutaneous inputs are not essential in locomotion (Sherrington, 1910; Grillner & Zangger, 1979) , the 423 information provided by these afferents might be crucial in more demanding tasks (Bouyer & Rossignol, 424 2003) . If this is the case for the human as well, a possible explanation for the results of the current study is 425 that cutaneous afferents might contribute in challenging tasks, such as hybrid walking. 426
The difference in responses and their latencies between the cSOL and cGL could thus arise from different 427 afferent contributions or different fiber composition. The response in SOL can be due to the excitability of 428 slow motoneurones in response to Ia afferent fibers (Nadeau & Vanden-Abeele, 1988 ). The subsequent 429 response in GL could be due to a predominant input of group II afferent fibers from both spindles and joint 430 receptors (Lundberg et al., 1987). Moreover, natural or electrical stimulation of the SuN in decerebrate cats 431 excited preferentially large motor units, of which the gastrocnemius is mainly composed, and inhibited 432 preferentially small motor units, such as those of which the SOL is comprised (Kanda et al., 1977) . 433
In addition animal research suggests that, even if in animal preparations (Holmqvist, 1961), stimulus 434 intensities (Megirian, 1962 ) and size of the stimulated cutaneous fiber (Perl, 1957) Gauthier, 1980). It has been suggested that responses are directed toward the muscle that is more stretched 438 (Uexküll, 1904; Magnus, 1909 Magnus, , 1910 . However, since flexion or extension responses are still present after 439 tenotomy of both antagonist muscle, it has been hypothesized that the response pattern is due to other intact 440 pairs of muscles acting on the same joint (Grillner & Rossignol, 1978; Rossignol & Gauthier, 1980) . After 441 complete deafferentation, only crossed extensor responses are observed, (Rossignol & Gauthier, 1980) , 442 leading to the conclusion that crossed extension would be evoked unless flexor muscles are stretched. In the 443 functional view point though the most observed crossed response is an extension as a result of an ipsilateral 444 nociceptive stimulus, unless such a response would be inappropriate as observed in the walking intact cat 445 . This condition, such as at the end of the ipsilateral swing phase when the contralateral 446 limb is fully extended, would be signaled by the stretch of the flexor muscles (Rossignol & Gauthier, 1980) . 447
The results of the current study allow to extend such a theory to the human. During normal walking at the 448 time when the stimulus was delivered the contralateral knee was extended (figures 1.B and 2.D), leading the 449 gastrocnemius, as knee flexor, in a state of stretch, and eliciting a facilitation of this muscle. During hybrid 450 walking, the knee joint was flexed (figures 1.B and 2.H) at the time in which the stimulus was delivered, thus 451 a flexion response would not been expected. 452
A characterization of the neural mechanism at the base of the observed crossed reflex reversal would provide 453 relevant information about the networks controlling the lower limbs during locomotion. Unfortunately, this 454 mechanism is difficult to address in the intact human. We can exclude that a diverse stimulation during the 455 normal and hybrid task was the cause of the difference in the responses during normal and hybrid walking. 456
The iSOL M-wave peak-to-peak amplitude, namely the magnitude of the direct motor response produced by 457 the stimulation, was indeed comparable in the two conditions. This indicates that the same efferent fiber 458 population was stimulated, although it cannot confirm that the afferent volley remained constant during the 459 two tasks. Moreover, the size of the response was not influenced by the muscle's background activation 460 since the level of muscle activity was similar in the two conditions for both cSOL and cGL. The reversal 461 mechanism is likely controlled at a premotoneuronal level since there was no correlation between the 462 magnitude of the response and the background activity level. Through motor unit recording in the tibialis 463 anterior, De Serres et al. (1995) observed that the same motor unit was excited during swing and inhibited 464 during the transition from swing to stance during locomotion. They suggested that parallel excitatory and 465 inhibitory pathways from cutaneous afferents to single motoneurons are involved in the reversal and that a 466 shift between the two pathways occurs during the gait cycle. We sustain this hypothesis; however, since the 467 current study shows that cutaneous afferents may contribute to the response during hybrid walking but not 468 during normal walking, and referring to previous studies on cat, where it has been observed that crossed 469 flexor responses had a lower threshold than crossed extensor responses , we argue that 470 different afferent populations from the stimulated leg could mediate the reflex reversal. Further studies will 471 be necessary to investigate whether the state of enhanced excitability provoked by the stretch of antagonist 472 muscles acting on the same joint in the contralateral leg contributes to the reversal of the response. respectively. During normal walking, electrical stimulation was delivered at 90 or 80% of the gait cycle 610 when the ipsilateral leg is about to touch down. During hybrid walking the stimulation was delivered at 50 or 611 40% of the gait cycle, when the ipsilateral leg is about to push off and the contralateral leg is about to touch 612 down. The gait cycle percentage was defined so that the ipsilateral touch down corresponds to 0% of the gait 613 cycle and the next ipsilateral touch down corresponds to 100%. 614 respectively. For the GL, only the contralateral sEMG was recorded, conseguently only this signal is 619 displayed. The arrows indicate the timings when the stimulations were delivered (80 and 90% of the 620 ipsilateral gait cycle during normal walking and 40 and 50% of the ipsilateral gait cycle during hybrid 621 walking). The black bars in the bottom indicate the contralateral stance phase, from heel strike to toe off for 622 normal walking and from toe strike to heel off for hybrid walking. Ipsilateral stance phase is not shown since 623 ipsilateral toe off was not recorded. While muscle patterns and joint kinematics of the ipsilateral leg do not 624 change between normal and hybrid walking, the figure shows that cSOL and cGL activation levels and ankle 625 joint angles are comparable between the two tasks at the timings the stimulation is delivered. Contrarily, the 626 knee joint angle differs at these timings between the two tasks. 627 Magnitude of the responses (mean ± SD) for the cGL (A) (11 subjects) and for cSOL (10 subjects). The 638 responses are expressed as percentage of the control signal during normal (left) and hybrid walking (right). 639
The dotted horizontal line represents 100% of the control, indication "no response". cGL responses (A) 640 changes significantly from a facilitation during normal walking to an inhibition during hybrid walking, while 641 for the cSOL (B) the responses are significantly different between normal and hybrid walking but during the 642 latter task the magnitude of the response does not differ from the control. 643 
